Abstract The generalist predator Macrolophus pygmaeus Rambur (Hemiptera: Miridae) is a key biological control agent in European greenhouses. The influence of acclimation, infection with endosymbiotic bacteria and diet on the cold tolerance of the Mediterranean biocontrol population was assessed by determining the supercooling point, i.e. the temperature at which the insect's body fluids freeze. This parameter provides a first indication of an insect's establishment potential in a new region and of its possible geographical range. Allowing the predatory bugs to adapt to lower temperatures resulted in an increase in supercooling ability. Macrolophus pygmaeus bugs exposed to antibiotics in their artificial diet and hence cured from their infection with the endosymbiotic bacteria Wolbachia pipientis, Rickettsia bellii and R. limoniae were more tolerant to freezing than infected bugs. The diet of the predators also affected the freezing temperature of the body fluids. Predators fed an artificial diet based on egg yolk were less resistant to freezing than those fed Ephestia kuehniella Zeller (Lepidoptera: Pyralidae) eggs. These findings illustrate that several factors may affect the cold hardiness of a biocontrol agent and may thus complicate the evaluation of its establishment potential in the framework of an environmental risk assessment.
Introduction
Macrolophus pygmaeus Rambur (Hemiptera: Miridae) is a voracious predator that is mainly used in augmentative biological control of whitefly pests in protected cultivation in Europe. The predator also contributes to the control of thrips, aphids and spider mites and is a key biological control agent of the tomato leafminer Tuta absoluta (Meyrick) (Lepidoptera: Gelechiidae) (Perdikis and Lykouressis 2002; Urbaneja et al. 2009 ).
Despite the crucial importance of correct species identification of a natural enemy for the outcome of a biocontrol program, much of the literature on Macrolophus spp. remains confused due to taxonomic problems. van Lenteren (2003) reported that Macrolophus caliginosus Wagner is the predatory insect most commonly sold by commercial biocontrol companies. However, because of a lack in consistency of morphological traits of Macrolophus bugs, questions about the correct identity of the marketed species have arisen. Molecular techniques revealed that the species sold by some European biocontrol companies as M. caliginosus was in fact M. pygmaeus (Perdikis et al. 2003; Martinez-Cascales et al. 2006; Machtelinckx et al. 2009 ; this study). The latter species is widely distributed in Europe and has been reported from the Mediterranean region up to Finland (Kerzhner and Josifov 1999; Fauna Europaea 2011) . However, the population that became widely commercially available for biological control in protected cultivation in northwestern Europe originates from Mediterranean Europe (J. Klapwijk pers.comm.).
Biological and ecological traits of a natural enemy may vary among different populations of the same species and may depend on the population's original geographical distribution (Messing and Rabasse 1995; Gotoh et al. 2004) . Biocontrol practitioners may be interested in populations of a given natural enemy that possess traits making them more effective control agents (e.g. non-diapausing strains). The growing concern for environmental risks of the import and release of (exotic) natural enemies creates the need to develop a scientifically based methodology for conducting environmental risk assessments (ERAs) for invertebrate biocontrol agents. Because population level differences may influence the outcome of the ERA, it may be advisable to perform the ERA at the population level, rather than at the species level De Clercq et al. 2011) .
Cold tolerance studies are considered to be central to evaluate the establishment potential of (exotic) natural enemies and constitute a first step in the ERA of biological control agents Bale 2011 ). The methodology developed by Hart et al. (2002a) and used in several subsequent studies (Hatherly et al. 2008; Tullett et al. 2004; Hughes et al. 2009; Berkvens et al. 2010 ) builds on several parameters of cold tolerance, including the supercooling point (SCP). The SCP of insects is defined as the temperature at which their body fluids freeze. At this point spontaneous nucleation occurs and ice crystals begin to grow (Lee 1989) .
Several factors may affect an insect's cold tolerance and thus complicate the evaluation of its establishment potential in the framework of an ERA. In the present study, the effect of low temperature acclimation, presence of endosymbiotic bacteria and diet on the supercooling capacity of M. pygmaeus was assessed. In the laboratory insects are usually cultured under continuous summer conditions (23-27°C, long days). In the field, however, insects are confronted with temperatures that vary with the season and in autumn they may become acclimatized to colder conditions as temperatures gradually drop (Block 1990; Danks 2005) . Exposing insects taken directly from laboratory cultures to low temperatures may thus lead to inaccurate predictions of their cold tolerance. Further, natural and laboratory produced populations of a natural enemy may differ in their load of endosymbiotic bacteria. These endosymbionts have also been found in insect predators, including M. pygmaeus (Machtelinckx et al. 2012) . As bacteria have been reported to play a role as ice nucleating agents in insects (Lee et al. 1991; Worland and Block 1999) , the SCP of M. pygmaeus bugs cured from their infection with endosymbionts was compared with that of bugs that were still infected. Finally, diets used in commercial insectaries may have a strong impact on the physiological responses of the natural enemies produced. Unnatural (factitious) foods and/or artificial diets may change the fitness of a natural enemy (Grenier and De Clercq 2003) and may thus also influence its responses to climatic conditions. Therefore, we tested the supercooling abilities of M. pygmaeus bugs fed on a factitious food (frozen eggs of the Mediterranean flour moth Ephestia kuehniella Zeller (Lepidoptera: Pyralidae)) or on an artificial diet based on egg yolk (Vandekerkhove et al. 2006) . The implications of our findings for conducting an ERA for a candidate biocontrol agent are discussed.
Materials and methods

Insect populations
Four different populations of M. pygmaeus were used (Table 1) , all springing from a stock colony established in 2006 with eggs acquired from Koppert B.V.
(Berkel en Rodenrijs, The Netherlands), marketed as M. caliginosus. The insects were reared in Plexiglas cylinders (diameter 9 cm, height 4 cm) and kept at 23°C, 65 ± 5% RH and a photoperiod of 16:8 (L:D)h. Each cylinder contained a small bell pepper plant (Capsicum annuum L. Cv. California Wonder) as an oviposition substrate and a source of moisture. Frozen E. kuehniella eggs were supplied three times a week as a food source. Different M. pygmaeus populations were created to test whether their infection status on the one hand or the offered diet on the other hand affected their supercooling abilities. A first population (population IE) was naturally infected with the endosymbiotic bacteria Wolbachia pipientis, Rickettsia limoniae and R. bellii (Machtelinckx et al. 2012 ) and was fed with E. kuehniella eggs as mentioned above. A second population (population CY) was established by curing insects taken from the stock colony of their endosymbiotic bacteria by feeding them an artificial diet based on egg yolk supplemented with 0.1% tetracycline (Vandekerkhove et al. 2006; Machtelinckx et al. 2009 ). Predators were continually fed with tetracycline treated diet since the establishment of the population for 36 generations. A third population (population CE) was also cured of endosymbionts and reared as described for population CY. From generation 13 onward, however, the insects were fed with frozen E. kuehniella eggs and no longer received the tetracycline treated diet for an additional 19 generations. A fourth population (population IY) was established by offering the infected insects of the stock colony an egg yolk based artificial diet without antibiotics for ten generations. Taxonomic identity and infection status of the different populations was confirmed with PCR diagnostics prior to testing (Machtelinckx et al. 2009; Machtelinckx et al. 2012) . Table 1 summarizes the properties of the populations tested.
Acclimation
The supercooling capacity was tested for non-acclimated individuals and for individuals that were acclimated to lower temperatures. Non-acclimated insects were maintained at 23°C, 65 ± 5% RH and a photoperiod of 16:8 (L:D)h. Newly emerged adults of the different populations were allowed to feed for 24 h on their respective diets before testing. To acclimate insects to lower temperatures, newly moulted adults were placed in Plexiglas cylinders containing a bell pepper plant. After allowing the adults to feed for 24 h, the cylinders were transferred to incubators set at 10°C and a photoperiod of 16:8(L:D)h for seven days. Ephestia kuehniella eggs or domes containing egg yolk diet were available throughout the acclimation period.
SCP
The supercooling point was measured using a Picotech TC-08 thermocouple data logger and a low temperature programmable Haake Phoenix II CP30 alcohol bath. Each thermocouple was led individually through the lid of a 1.5 ml Eppendorf tube. The insects were attached to the thermocouples with petroleum jelly and the Eppendorf tubes were sealed with Pritt Poster Buddy. The Eppendorf tubes were placed individually in glass tubes which were immersed in the alcohol bath (Berkvens et al. 2010 ). The starting temperature was set at 23°C (rearing temperature) or 10°C (acclimation temperature). The insects were cooled at 0.5°C min -1 until the thermocouple registered the release of exothermal heat, at which point the supercooling temperature is reached. Forty acclimated and non-acclimated adult M. pygmaeus (both males and females in a 1:1 proportion) were tested to determine the supercooling points of each population. Before the insects were subjected to the experiments, they were weighed using a semi-microbalance Sartorius Genius ME215P (Sartorius AG, Goettingen, Germany) (± 0.01 mg) in order to check whether supercooling ability was correlated to body weight. 
Results
A four-way analysis of variance (ANOVA) showed no four-or three-factorial interactions between the factors acclimation, endosymbionts, diet and gender for the SCP (Table 2 ). However, the interaction endosymbionts 9 gender was significant (P = 0.012), indicating that the gender of M. pygmaeus influenced the effect of endosymbionts on the SCP. No other twoway interactions were detected. The main effects acclimation (P \ 0.001), endosymbionts (P \ 0.001), diet (P \ 0.001) and gender (P = 0.029) all had a significant impact on SCP. Overall, acclimation led to an increase in supercooling capacity of M. pygmaeus.
On the other hand, offering the bugs an artificial diet instead of E. kuehniella eggs led to a decrease in cold tolerance.
Because of the two-way interaction between endosymbionts and gender, data were split and analysed for males and females separately (Fig. 1) . Although a trend was visible that acclimated bugs were more cold hardy than non-acclimated ones, this difference was not significant for females (F = 1.904; df = 1, 257; P = 0.170) or males (F = 1.879; df = 1, 157; P = 0.173). Both males and females cured of their endosymbionts had a significantly lower SCP than infected males (F = 11.893; df = 1, 157; P = 0.001) and females (F = 59.494; df = 1, 157; P \ 0.001). The effect of curing was twice as strong for females than for males, with a drop in crystallization temperature of 2.4°C and 1.2°C, respectively. Offering the insects an artificial diet based on egg yolk rather than E. kuehniella eggs led to a raise in SCP, a difference that was marginally significant for males (F = 3.493; df = 1, 157; P = 0.063), but significant for females (F = 13.186; df = 1, 157; P \ 0.001). Acclimated insects of population CE were found to be most cold tolerant with SCP values of -19.5 ± 0.3°C and -19.1 ± 0.2°C for males and females, respectively (Table 3) . At the other side of the spectrum, non-acclimated bugs of population IY were observed to freeze already at -16.5 ± 0.5°C (males) and -15.1 ± 0.5°C (females). Insects of the other populations had intermediate SCP values.
Adult body weights ranged from 0.62 ± 0.03 (population IY, non-acclimated) to 0.76 ± 0.07 mg (population CY, acclimated) for males and from 1.13 ± 0.05 (population CY, acclimated) to 1.31 ± 0.07 mg (population CY, acclimated) for females. Weights did not differ significantly among treatment groups for males (F = 1.367; df = 7, 151; P = 0.223) but were significantly affected by acclimation in the females (F = 8.585; df = 1, 3; P = 0.004). Females acclimated for seven days to lower temperatures were heavier than one-day old non-acclimated females coming directly out of the stock culture. There was no significant correlation between body weight and SCP for males (n = 159, P = 0.117, Pearson's r = -0.117) or females (n = 159, P = 0.091, Pearson's r = -0.135).
Discussion
Formerly, the SCP was generally considered to be the lowest lethal temperature of freeze-intolerant insects and it was expected that exposure to temperatures above the SCP would be survived (Salt 1966) . This theory was refined by Bale (1993 Bale ( , 1996 who pointed out that the majority of freeze-avoiding species may die before the SCP is reached as a result of cumulative chilling injury. Although the SCP should not be considered as the only measure to determine the cold tolerance of insects, species inhabiting temperate and polar climates depend mostly on their supercooling ability to overwinter (Sømme 1989; Duman et al. 1991; Bale 2002) . Therefore the SCP was used in this study as a first index of cold hardiness.
Factor-analysis showed that acclimation had a significant impact on the SCP (Table 2) . Despite a trend towards lower SCP values for acclimated individuals in each M. pygmaeus population tested, cold acclimation only significantly affected the SCP of cured males fed E. kuehniella eggs (Table 3) . Several studies have demonstrated that enzyme activity, the production of antifreeze and thermal hysteresis proteins as well as alterations in the membrane lipid composition are triggered by low temperatures, even after a short cold exposure (Baust and Lee 1981; Storey and Storey 1988; Block 1990; Overgaard et al. 2005) . However, Hart et al. (2002a) found no acclimation response for M. caliginosus when measuring the SCP, but reported a trend in which acclimated adults were more cold hardy than non-acclimated adults based on the lower lethal temperature (i.e., the temperature at which 50% of the test individuals die) and lethal time (i.e., the time required to kill 50% of the population at a certain temperature) in exposures at 0 and -5°C. For the parasitoid Eretmocerus eremicus (Rose and Zolberowich) (Hymenoptera: Aphelinidae), the predatory bug Nesidiocoris tenuis Reuter (Hemiptera: Miridae) and the predatory mites Typhlodromips montdorensis (Schicha) (Acari: Phytoseiidae) and Amblyseius californicus McGregor (Acari: Phytoseiidae), a significant decrease in SCP was not detected even after acclimation (Hart et al. 2002b; Tullett et al. 2004; Hatherly et al. 2004; Hughes et al. 2009 ). The present study used a similar experimental approach as abovementioned studies, in which the SCP of one-dayold non-acclimated adults was compared with that of adults acclimated for three days (E. eremicus) or seven days (T. montdorensis, A. californicus, N. tenuis). Hence, acclimated individuals were older than non-acclimated ones when the SCP was determined. Bowler and Terblanche (2008) noted that low temperature tolerance may vary within a life stage. For example, for the fruit flies Dacus tryoni (Froggatt) (Diptera: Tephritidae) and Drosophila melanogaster Meigen (Diptera: Drosophilidae) a decline in cold tolerance has been observed over their adult life (Meats 1973; David et al. 1998; Jensen et al. 2007 ). Likewise, the cold tolerance of M. pygmaeus could be affected by physiological changes induced by reproductive maturation or ageing. The divergence in age between acclimated and non-acclimated individuals could also have consequences for the bacterial load of both the digestive and reproductive system of M. pygmaeus and consequently for the total concentration of ice nucleating agents in the insect's body. When M. pygmaeus was cured from its infection with the endosymbiotic bacteria W. pipientis, R. limoniae and R. bellii the SCP decreased (Fig. 1) . This was most apparent for predators fed the artificial diet, where acclimated infected females had an SCP of -15.6°C, vs. -18.8°C for uninfected females (Table 3 ). This increase in supercooling ability after elimination of bacterial symbionts could be due to the fact that these bacteria may act as heterogeneous ice nucleators inside the body of their insect host. Besides, feeding the predators a diet supplemented with antibiotics may have affected the bacterial load in the digestive system and may thus have further eliminated potential nucleating agents. The divergence in SCP found between the populations fed artificial diet and that fed the same artificial diet supplemented with antibiotics may thus do not only be attributed to the elimination of abovementioned endosymbionts by the antibiotics, but also to their effects on the gut bacteria. In earlier studies, ice nucleating active bacteria were isolated from the gut of the beetles Hippodamia convergens (Say) (Coleoptera: Coccinellidae) and Cerotoma trifurcata (Forster) (Coleoptera: Chrysomelidae). The bacteria were identified as Enterobacter agglomerans and Enterobacter taylorae and their activity was confirmed by feeding them to overwintering adults. Furthermore, a correlation was found between the concentration of ice nucleating active bacteria ingested and the degree in SCP elevation (Strong-Gunderson et al. 1990a; 1990b; Lee et al. 1991) . Worland and Block (1999) reported the occurrence of fluorescent Pseudomonas sp. in the gut of the beetles Hydromedion sparsutum (Müller) (Coleoptera: Perimylopidae) and Perimylops antarcticus (Müller) (Coleoptera: Perimylopidae). The authors assumed that nucleation of Pseudomonas at relatively high subzero temperatures in the gut was responsible for nucleation of the whole beetle. Tanaka (2001) noticed a dissimilarity in SCP of the house spider Achaearanea tepidariorum (Koch) (Araneae: Theridiidae) fed laboratory-reared prey and fieldcollected prey. Spiders offered field-collected prey had a higher, less negative SCP than those given laboratory-reared prey. It was suggested that fieldcollected prey contains efficient (external) ice nucleators, probably ice nucleating active bacteria, whereas laboratory animals may be less contaminated. The ice nucleating activity of the bacteria mentioned above is an extracellular process within the gut of the insect host. The endosymbiotic bacteria Wolbachia and Rickettsia, however, were observed to be intracellular in the reproductive tissues (Wolbachia) or in both the reproductive tissues and digestive system (Rickettsia) of M. pygmaeus (Machtelinckx et al. 2009; Machtelinckx et al. 2012) . Testing the ice nucleating activity of Wolbachia and Rickettsia by the droplet freezing assay of Vali (1971) is complicated by the obligate and intracellular nature of these endosymbionts which makes it impossible to culture them outside their insect host. Assuming that the bacteria can indeed act as heterogeneous ice nucleators, intracellular freezing will occur at higher temperatures when mirid bugs are infected with endosymbionts. This hypothesis is consistent with the decrease in supercooling ability detected in this study. The infection of M. pygmaeus with the endosymbiotic bacteria Wolbachia and Rickettsia may consequently limit the insect's freezing tolerance. Several studies are dedicated to the capacity of these endosymbionts to alter the reproduction and fitness of their arthropod hosts (Werren 1997) , but their potential to reduce the cold tolerance of their host and thus limit the host's ecological barriers has not been reported before and needs further substantiation. However, there is increasing evidence that the infection status of a natural enemy with endosymbionts may affect the outcome of a biological control program (Zindel et al. 2011) . It may thus be warranted to consider infection status of an invertebrate biological control agent in an ERA procedure. Another factor affecting the supercooling ability of M. pygmaeus is the food offered to the bugs during their development. Overall, predators reared on E. kuehniella eggs had a lower SCP than those fed the artificial diet based on egg yolk (Fig. 1) . Body weight plays an important role in insect freezing tolerance with smaller insects generally freezing at lower temperatures (Angell 1982; Sømme 1982; Johnston and Lee 1990) . In this study, however, body weight was not influenced by diet (F = 0.001; df = 1; P = 0.978 ANOVA). In contrast, Vandekerkhove et al. (2006) reported a significantly lower weight for M. pygmaeus bugs fed the same artificial diet than those fed E. kuehniella eggs. However, after rearing M. pygmaeus for 11 generations on the artificial diet adaptation to this diet could have occurred leading to higher body weights (Coudron et al. 2002) . The differences in supercooling ability of M. pygmaeus fed different diets might be due to the different biochemical composition of these diets. Differences in nutritional composition of prey may be reflected in the biochemical composition of a predator's body ( Vandekerkhove et al. 2009 ). Biochemical analysis conducted on E. kuehniella eggs proved that the eggs are rich in fatty acids and amino acids (Specty et al. 2003) . These nutrients may protect M. pygmaeus against extreme temperatures by delivering components that promote winter survival.
The gender of M. pygmaeus was found to be correlated with the factor endosymbionts ( Table 2 ). The increase in supercooling capacity as a result of curing the infection was shown to be twice as high for females than for males. Such differences may be related to a higher bacterial density in female ovaries than in male testes of M. pygmaeus, but this needs further confirmation by way of quantitative PCR analysis.
The results obtained in the present study may contribute to the development of an ERA scheme for exotic biological control agents. Evaluating the establishment potential is considered to be one of the cornerstones of an ERA for a non-native arthropod biological control agent Bale 2011) . Hart et al. (2002a) identified three laboratory indices for winter survival: supercooling point, lethal temperature and lethal time. A strong correlation was found between the lethal time at 5°C and the maximum field survival of different biological control agents (Hatherly et al. 2005; Bale 2011 ). Although the correlation between field survival and SCP was observed to be less strong (Hatherly et al. 2005) , the latter parameter can be useful for a quick scan of an insect's cold tolerance. Measuring the supercooling point takes no more than a few hours and requires only a limited number of test organisms. Our results indicate that acclimation period, infection status with endosymbionts and diet may influence the supercooling ability of a predatory insect, thus complicating the evaluation of its establishment potential in the framework of an ERA. We showed that insects that were allowed to acclimate to lower temperatures would be more likely to survive winter conditions than insects taken directly from the stock colony. On the other hand, exposing the predator to antibiotics and thus curing it from its infection with endosymbionts also increased cold tolerance and may eventually contribute to its establishment potential. Finally, the M. pygmaeus populations fed on a nutritionally suboptimal artificial diet were found to be less cold tolerant than a population fed on the widely used factitious food E. kuehniella. Hence, in view of standardizing protocols for ERA testing, variability springing from different factors related to the origin and rearing of the studied population need to be taken into consideration.
